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Abstract
Background: The phenotype of large diameter sensory afferent neurons changes in several models of neuropathic pain. We
asked if similar changes also occur in ‘‘functional’’ pain syndromes.
Methodology/Principal Findings: Acidic saline (AS, pH 4.0) injections into the masseter muscle were used to induce
persistent myalgia. Controls received saline at pH 7.2. Nocifensive responses of Experimental rats to applications of Von Frey
Filaments to the masseters were above control levels 1–38 days post-injection. This effect was bilateral. Expression of c-Fos
in the Trigeminal Mesencephalic Nucleus (NVmes), which contains the somata of masseter muscle spindle afferents (MSA),
was above baseline levels 1 and 4 days after AS. The resting membrane potentials of neurons exposed to AS (n=167) were
hyperpolarized when compared to their control counterparts (n=141), as were their thresholds for firing, high frequency
membrane oscillations (HFMO), bursting, inward and outward rectification. The amplitude of HFMO was increased and
spontaneous ectopic firing occurred in 10% of acid-exposed neurons, but never in Controls. These changes appeared within
the same time frame as the observed nocifensive behaviour. Ectopic action potentials can travel centrally, but also
antidromically to the peripheral terminals of MSA where they could cause neurotransmitter release and activation of
adjacent fibre terminals. Using immunohistochemistry, we confirmed that annulospiral endings of masseter MSA express
the glutamate vesicular transporter VGLUT1, indicating that they can release glutamate. Many capsules also contained fine
fibers that were labelled by markers associated with nociceptors (calcitonin gene-related peptide, Substance P, P2X3
receptors and TRPV1 receptors) and that expressed the metabotropic glutamate receptor, mGluR5. Antagonists of
glutamatergic receptors given together with the 2
nd injection of AS prevented the hypersensitivity observed bilaterally but
were ineffective if given contralaterally.
Conclusions/Significance: Low pH leads to changes in several electrical properties of MSA, including initiation of ectopic
action potentials which could propagate centrally but could also invade the peripheral endings causing glutamate release
and activation of nearby nociceptors within the spindle capsule. This peripheral drive could contribute both to the transition
to, and maintenance of, persistent muscle pain as seen in some ‘‘functional’’ pain syndromes.
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Introduction
Changes in the phenotype of large diameter spinal and
trigeminal sensory afferents have been linked to the development
of neuropathic pain [1–7], but little is known about the role of
these afferents in the aetiology of the so-called ‘‘functional’’ pain
syndromes [8] such as Fibromyalgia, Myofascial Pain and
Temporomandibular Disorders (TMD). Interestingly, Weerakk-
ody et al. [9] found in human volunteers, that vibration at a
frequency optimal for stimulating muscle spindle group I afferents
(80 Hz) decreases pressure-induced pain in the unexercised
gastrocnemius muscle. However, in the presence of Delayed
Onset Muscle Soreness (DOMS), induced by strenuous exercise
several hours before, a similar vibration increased the intensity of
pain induced by a corresponding pressure. Following several
controls, it was concluded that the increased pressure-pain was due
mainly to stimulation of the Ia afferents. In particular, it was found
that a large fiber block applied by pressure to the sciatic nerve, that
was just sufficient to eliminate the electrically evoked H-reflex,
significantly increased the pressure-pain threshold during DOMS
PLoS ONE | www.plosone.org 1 June 2010 | Volume 5 | Issue 6 | e11131in the gastrocnemius. A similar observation had been previously
reported for elbow flexor muscles by Barlas et al. [10]. DOMS
symptoms, which have been considered to result from local
damage and inflammation, usually resolve within one week when
myofibrillar damage has healed. However, muscle injury has also
been linked to longer lasting ‘‘functional’’ pain syndromes [11].
In order to mimic the pain associated with tissue acidosis and
DOMS in humans, Issberner et al. [12] used single injections of
acidic saline (pH 5.2) intoforearmmuscle tissue. Sluka et al. [13,14]
modified this method for use in rodents and showed that two
injectionsofacidicsalineintothegastrocnemiusmuscleofrats2 to5
daysapart producemechanical hyperalgesia(hereafter only referred
to as ‘‘allodynia’’ or ‘‘allodynia-like’’ responses) that lasts for several
weeks. To further investigate the possible contribution of muscle
spindle afferents to DOMS and to persistent muscle pain states, we
chose to use the masseter muscle as our model. The large-diameter
(Ia) muscle spindle afferents of this jaw closing muscle can be
positively identifiedby retrograde labelling, because their cell bodies
are located within the Trigeminal Mesencephalic Nucleus (NVmes)
[15,16]. All the other groups of masseter afferents have their cells
bodies in the Trigeminal Ganglion (TG). Morphologically, the
NVmes neurons resemble large dorsal root ganglia (DRG) cells, and
they have similar specific intrinsic electrical properties: inward
rectification on membrane hyperpolarization [17–19] and high
frequency subthresholdmembraneoscillations[19–21].Anincrease
in the amplitude of these oscillations leads to repetitive firing in
NVmes cells [19]. Previous studies on neuropathic pain have
revealed that increases in oscillation amplitude of dorsal root
ganglion neurons (DRG) and spontaneous ectopic firing in
cutaneous and muscle afferent fibers contribute to both peripheral
and central sensitization of nociceptive pathways [22].
Herewetestedthe hypothesisthatsimilarchangesmayalsooccur
under less severe pain conditions, like those induced in the acidic
saline model, and hypothesized that action potentials that could be
generated at the soma by an increase in oscillation amplitude could
travel antidromically to the peripheral terminals of the axon and
cause release of glutamate. If nociceptive fibres carrying glutamate
receptors lie nearby, they could be activated by the released
glutamate. It was shown recently that annulospiral endings of
muscle spindles of the masseter [23] and other muscles [24] express
the vesicular glutamate transporter VGLUT1, suggesting that they
canreleaseglutamate. The existenceof small-diameteraxons within
muscle spindles and other muscle mechanoreceptors including
tendon organs, Ruffini endings and Meissner corpuscles has been
known for many decades, but has been assumed to represent
sympathethic innervation [25–27]. In the case of muscle spindles,
Matthews [25] wrote that ‘‘the main afferent may be accompanied
by a finer accessory nerve fibre… whether to supply intracapsular
blood vessels or to mediate ‘‘pain’’ is quite uncertain’’.
In our series of studies, we first used behavioural testing to
validate the use of acidic saline to induce long lasting allodynia in
masseter muscles. Investigation of the electrophysiological prop-
erties of NVmes cells exposed to acidic saline revealed changes in
their oscillations and membrane properties and increased
spontaneous ectopic firing during the same time frame as the
qobserved behavioural allodynia. The acidic saline muscle
injection also increased the expression of the early gene c-Fos in
NVmes neurons, which further indicates that long term changes in
activation of these neurons appear after the muscle injections.
Using immunofluorescence , we confirmed that annulospiral
endings of masseter spindle Ia afferents have the capacity to
release peripherally-stored glutamate, which could activate
adjacent nociceptors that express glutamate receptors. We also
showed that blockade of these peripheral glutamate receptors
prevents development of the acid-induced allodynia. Together our
observations support a hypothesis that activity in inflicted Ia
afferents should be considered a factor that may favor the
development and maintenance of persistent oro-facial muscle pain.
Results
Acidic saline injections increase nocifensive behaviour
Figure 1 shows data gathered from two batches of 6 male rats
that were tested with von Frey filaments during the baseline period
(B1–B3), and after two bilateral injections of normal (pH 7.2,
Control group n=6) and acidic (pH 4.0, Experimental group
n=6) saline into the masseter muscles on Days 1 and 3. Testing
began in one batch of animals 5 days after the first injection
(Fig. 1A, 1C); in the other, testing was done between the two
injections. During the baseline period, filament 5.46 (26 g load)
caused between 0 and 3 responses per side (Fig. 1A and 1B), while
filament 5.18 (15 g load) caused even less (Fig. 1C and 1D).
Two-way ANOVA analyses were conducted separately for each
batch. They showed that the effects of both time and treatment
were significant (ps,0.0001), as was the interaction between them.
The frequency of responses did not increase significantly in the
Control animals after injection of normal saline. In contrast,
responses to both filaments increased greatly in the Experimental
group. However, as shown in Panel 1B and D the responsiveness
to the stiffer filament (5.46) was significantly increased on the first
day after the injection while it appeared after four days when the
more flexible filament (5.18) was used. Simple contrast analyses
showed that the differences between the Control and Experimen-
tal groups remained significant for between 31 and 38 days.
Acidic saline injections activate early genes in NVmes
neurons innervating muscle spindle primary afferents
In order to see if masseter muscle spindle Ia afferents could be
involved in the development of muscle tenderness after intramus-
cular acidic saline injections we decided to use the expression of the
early gene c-Fos in their cell bodies as a molecular marker of
neuronal activation. Two groups of rats were given single bilateral
injections of acidic (Experimental group, n=14) or normal saline
(Control group n=14). The number of neurons immunoreactive to
c-Fos within NVmes, which holds the cell bodies of the spindle
afferents, was counted in animals sacrificed 4, 24 and 96 hours after
the injection, and also in 5 Unoperated control rats. NVmes
primary afferent neurons are easily distinguished from surrounding
neurons in the brainstem because of their large, round or oval cell
bodies and lack of dendrites. In the Unoperated Controls, the mean
numberofc-FoslabelledNVmesneuronsper section was4.9160.5.
Thecountwassignificantlyhigher4 hafterintramuscularinjections
in both the normal saline Control and acidic saline Experimental
groups (Tukey’s tests; ps,0.01; Fig. 2). However, at 24 and 96 h
post-injection, the cellcountsofthenormalsalineControlgroupdid
not differ any longer from those of the Unoperated Controls,
whereas those of the Experimental group remained significantly
higher (Tukey’s tests; ps,0.0001; Fig. 2). Two-sample t-test
comparisons showed that the counts in the Experimental group
were also significantly higher than those of the normal saline
Control group at 24 hrs (p,0.03) and 96 hrs (p,0.05).
Acidic saline injections cause long-term changes in
membrane properties of primary muscle spindle
afferents
To test whether the increased level of activity suggested by
the c-Fos experiments resulted from changes in NVmes cell
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PLoS ONE | www.plosone.org 2 June 2010 | Volume 5 | Issue 6 | e11131Figure 1. Acidic saline injections increase nocifensive behaviour. Animals received two injections of either normal saline (Control group,
black bars) or acidic saline (Experimental group, gray bars) into both masseter muscles. The injections were made 2 days apart. Pressure was applied
to the centre of the masseter muscle with von Frey filaments, and flinching and/or head withdrawal was scored as a positive response. Each muscle
was tested 10 times with each of the filaments, and data from left and right were averaged. Means and standard errors are shown for three days prior
to injection (B1, B2 and B3), and for 45 days after the first of the two injections. A, C: postinjection testing began 2 days after the second injection
(n=6). B, D: testing of these animals (n=6) began 1 day after the first injection. *, p,0.05.
doi:10.1371/journal.pone.0011131.g001
Figure 2. Normal and acidic saline injections increase the number of c-Fos expressing cells in NVmes, but only with acidic saline
does the level of expression remain elevated. Graph showing the mean number 6 S.E. of c-Fos stained NVmes cells in Unoperated Controls
(open diamonds), and Experimental (open squares) and Control group (filled circles) at 4, 24 and 96 hours after injection. Asterisks above points:
significance compared to the Control group. Asterisks below points: significance compared to Unoperated Controls. *, p,0.05; **, p,0.01.
doi:10.1371/journal.pone.0011131.g002
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recordings in three groups of animals that all received two
injections of saline at two day intervals, as in the behavioural
experiments. Group A was given bilateral injections of normal
saline. In Group B, one masseter received acid, the other
normal saline, while Group C received bilateral acidic saline
(Table 1). Animals were sacrificed at various times (,1–35 days)
following the second injection. Brainstem slices were prepared
and whole cell patch clamp recordings from NVmes cellbodies
were carried out in order to measure a number of variables
associated with the action potential (spike amplitude and half
width; after hyperpolarization amplitude and duration) and
membrane properties [resting membrane potential (RMP), input
resistance, amplitude of high frequency oscillations] and
thresholds for inward and outward rectification, high frequency
oscillations, firing and bursting.
A total of 308 NVmes neurons were used in the analyses. We
first looked for differences in the 12 measured variables between
initial neuronal populations that innervated muscles exposed to
normal saline (neuronal populations 1 and 2 in Table 1) by using
two-way ANOVA for Population and Time, then we did the same
with the Experimental populations (neuronal populations 3 and 4).
Population alone had no significant effect in any of the
comparisons made for the normal saline neurons. There was a
significant (p=0.0065) difference in spike threshold between
Population 3 (unilateral acidic saline) and 4 (bilateral acidic
saline). However, the effect was small (mean 6 SE=253.265.5
for population 3 vs. 254.964.5 for population 4), and as it was the
only significant effect out of the 12 comparisons, we decided to
form one Control and one Experimental group to simplify further
analysis.
Figure 3 shows that the properties of the action potential and
after-hyperpolarization changed significantly over time (Fig. 3A–
D). There was also a small but significant effect of time on mean
input resistance (Fig. 3E), but group treatment had no effect on
these 5 parameters (Table 2). Apparently, regarding these
parameters, developmental changes in neuronal properties did
not seem to interfere with treatment effects. On the other hand,
treatment did have a significant effect on 7 parameters (Table 2):
RMP (Fig. 3F), firing threshold (Fig. 3G), threshold of inward
(Fig. 3H) and outward (Fig. 3I) rectifications, oscillation threshold
(Fig. 3J) and bursting threshold (Fig. 3L) were all shifted in a more
hyperpolarized direction, and oscillation amplitude increased
(Fig. 3K). The differences between the two groups were clearly
present within the first 8 h after the second injection (days,1), and
they were generally maintained throughout the experiment
(Fig. 3F–3L). The effect of time on these 7 parameters was
relatively small, but was significant for all (Table 2) except inward
rectification threshold (Fig. 3H) and oscillation amplitude (Fig. 3K).
There was only one significant interaction (RMP) between group
and time (Table 2).
Figure 4A shows examples of Control and Experimental
neurons held at different membrane potentials to illustrate the
lower threshold and greater amplitude of the rapid oscillations in
the Experimental group.
Acidic saline injections cause changes in firing patterns
of muscle spindle primary afferents
An important finding was that 17 of the 167 NVmes cells
(10%) from the Experimental group fired spontaneous action
potentials at RMP, whereas none of the Control cells were active.
This difference was highly significant (X
2=16.9, df=1,
p,0.0001). We classified firing patterns induced by a 1 s
suprathreshold depolarizing current injection into four types:
Adapting, Train, Train and Bursting, and Bursting (Fig. 4B).
Adapting neurons generated a single burst of spikes at the
beginning of the step pulse that rapidly diminished in frequency,
while Train neurons fired throughout the pulse. Bursting cells
showed recurrent bursts of action potentials throughout the pulse,
while a small number of neurons alternated between recurrent
bursting and trains of spikes (Train and Bursting neurons).
Bursting emerged from the high amplitude oscillations, as shown
in the inset of Fig. 4B. The prevalence of these firing patterns in
the Control and Experimental groups are given in Table 3. There
was a small (15%) but significant between-group difference in the
distribution of firing patterns (X
2=9.99, df=3, p=0.019). In
particular, a significantly greater percentage of Control neurons
were of the Adapting type, and thus unable to sustain firing
(X
2=6.85, df=1, p=0.009).
We also compared the properties of NVmes cells in slices
obtained from two Control (15 neurons) and two Experimental
animals (18 neurons) that had completed behavioural testing, and
that no longer showed signs of allodynia. The neurons were
recorded 55 to 62 days after the second injection. Two-sample t-
test analyses showed that none of the following parameters differed
significantly between groups: RMP, firing threshold, input
resistance, oscillation amplitude, and oscillation threshold. How-
ever, the inward and outward rectification thresholds were still
significantly lower in the experimental group (p=0.002 and
p=0.012, respectively). Bursting threshold could not be compared
because only one neuron showed a bursting firing pattern.
Single acidic injections modify membrane properties of
muscle spindle primary afferents within 24 hours
The observations described above indicated that acidic saline
injections were effective within 1 day following the 2
nd saline
injection. Therefore, a second series of experiments was performed
using only one muscle injection of either acidic (Experimental) or
normal saline (Control). Two-way ANOVA showed that group
assignment (Experimental, Control) had significant effects on
RMP, firing threshold, thresholds for inward and outward
rectification, oscillation threshold, and oscillation amplitude
Table 1. Long-term effects on NVmes neurons: Animal groups and neuronal populations.
Animal group A (n=17) B (n=37) C (n=18)
Treatment Normal saline Normal saline Acidic saline Acidic saline
Side/Neuronal population Bilateral/1 Unilateral/2 Unilateral/3 Bilateral/4
Size of neuronal population 54 87 100 67
Cells recorded from animals from each of the groups were divided into four populations, depending on treatment of the muscle that they innervated. The numbers of
animals in each group and cells in each population are given.
doi:10.1371/journal.pone.0011131.t001
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lower than Control values 2 days after the injection, but only RMP
and firing threshold were significantly lower on the 1
st day
(Table 4).
Masseter muscle spindles contain small-calibre afferents
that express nociceptor markers
One possible mechanism by which ectopic action potentials
generated at the soma of NVmes neurons could lead to activation
Figure 3. Acidic saline injections produce long lasting changes in many of the electrophysiological properties of NVmes cells
innervating masseter muscle spindles. Means 6 S.E. of twelve electrical properties are shown for Control (filled circle) and Experimental (open
circle) neurons recorded at 7 time periods after the second intramuscular injection. *, p,0.05 for simple contrasts. In panels F, G and J, all ps,0.01.
doi:10.1371/journal.pone.0011131.g003
Muscle Spindles and Pain
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these action potentials back to the peripheral endings where they
could cause glutamate release and activation of nearby nociceptive
fibres. Physiological experiments designed to test this hypothesis
would be challenging. Therefore, as an initial step, immunoflu-
orescence was used to examine whether the machinery required to
support this hypothesis is present. Thus, we looked for evidence
that small-calibre fibres labelled with known nociceptor markers
and glutamate receptors can be found in close proximity to muscle
spindle annulospiral endings. Masseter muscles were removed
from anaesthetized rats after perfusion with fixative, then
sectioned and processed for immunofluorescence. Muscle spindles
are very easy to identify in histological sections. The central
equatorial region containing the annulospiral endings of the Ia
primary afferents is particularly evident in longitudinal sections of
spindles. These large-calibre endings and axons were all intensely
labelled with PGP9.5 (Fig. 5A,C,D), a general marker of
peripheral neuronal processes [28–31] and were also all labelled
with VGLUT1 (Fig. 5B), a marker of glutamate containing fibres
and terminals [32,33]. It was already known that the annulospiral
endings of Ia afferents in rat triceps surae [24] and masseter [23]
contain VGLUT1.
PGP9.5 also labelled small-calibre nerve fibres within spindles
(Fig. 5A9,C9,D9), and most of these travelled parallel to the long
axis of the intrafusal muscle fibres, in contrast to the large
annulospiral endings, which encircle intrafusal fibres. Thin axons
immunoreactive for PGP9.5 could be double labelled with several
markers previously linked to nociceptors: CGRP (Fig. 5A9,B9), SP
(Fig. 5C,C9), TRPV1 (Fig. 5D,D9) and P2X3, (Fig. 6A,B)
[34–42]. These small-calibre fibres were clearly inside the
spindles, often juxtaposed to intrafusal muscle fibres and
annulospiral endings. They were not associated with blood
vessels or the wall of the spindle capsule. CGRP or P2X3 fibres
were the most often encountered in spindles, and intersecting in a
number of places with the surrounding annulospiral endings.
Some CGRP- and P2X3- immunoreactive fibres were continu-
ously labelled, while others often appeared as a linear series of
discontinuous fluorescent beads. Intrafusal small-calibre fibres
immunoreactive for SP (Fig. 5 C9) or TRPV1 (Figs. 5D9,6 C )
were sometimes seen. We found no examples of nerve fibres that
bound the lectin IB4 within muscle spindles, although many
small-calibre fibres were clearly labelled for IB4 in the masseter
nerve. Spindle annulospiral endings were always negative for
nociceptor markers.
After finding small-calibre axons immunoreactive for nociceptor
markers in close relationship with annulospiral endings, which are
always positive for VGLUT1, we looked for the coexpression of
nociceptor markers and glutamate receptor subunits mGluR5,
NMDAR2B and GluR1. All annulospiral endings were intensely
labelled for mGluR5, and many intrafusal small-calibre nerve
fibres were also mGluR5-positive (Fig. 6A9–C9). The mGluR5
labelling appeared to completely fill some small axons with a fine
granular reaction product; in others, it appeared as a string of fine
beads (Fig. 6B9), which may indicate dispersed receptor units along
the axons. Figure 6A shows a spindle with a clear annulospiral
ending labelled for mGluR5 on the left, and two or more axons
that co-express P2X3 and mGluR5 that run along the long axis of
the intrafusal muscle fibres inside the capsule (c). Another double-
labelled fibre shown in Fig. 6B eventually runs across the coils of
an annulospiral ending labelled for mGluR5. The final example
shows a mGluR5-positive TRPV1 fibre running along an
intrafusal muscle fibre. We found no NMDAR2B or GluR1
immunoreactive products within spindles, but some well labelled
NMDAR2B or GluR1 fibres were seen in the masseter nerve and
around blood vessels (not shown). Although fine diameter axons
within muscle spindles have generally been regarded as sympa-
thetic fibres, e.g. [43], we found no tyrosine hydroxylase (TH)-
containing fibres inside muscle spindles in any of the four muscles
examined. TH-positive fibres were frequently found close to
muscle spindles, but careful analysis showed that they were
associated either with extrafusal blood vessels or with the
equatorial spindle capsule wall (Fig. 7).
Antagonists of glutamatergic receptors applied locally
within the muscle prevent the acid saline-induced
increase of nocifensive behaviour
If peripheral release of glutamate is involved in the allodynia
observed in our animal model, then blockade of peripheral
glutamate receptors should prevent or reduce it. To test this and to
differentiate between peripheral and central mechanisms, we
made unilateral masseter muscle injections of normal and acidic
Table 2. Long term effects of acidic saline on electrical properties of NVmes neurons.
VARIABLES/GROUPS Control (n=141) Experimental (n=167) Group Time Group*Time
Action Potential Amplitude, mV 83.0561.02 81.5060.97 0.18 ,0.0001 0.44
Action Potential Half-Width, ms 0.7960.02 0.8160.02 0.47 ,0.0001 0.16
After Hyper-Polarization Amplitude, mV 10.3260.28 10.3460.22 0.93 ,0.0001 0.11
After Hyper-Polarization Duration, ms 47.8562.63 43.7562.38 0.11 ,0.0001 0.61
Input Resistance, MV 77.2862.90 81.6263.12 0.29 0.002 0.31
Resting Membrane Potential, mV 255.8060.27 263.3060.31 ,0.0001 0.002 0.034
Firing Threshold, mV 244.6460.42 253.8960.40 ,0.0001 ,0.0001 0.30
Inward Rectification Threshold, mV 269.5160.55 277.2760.57 ,0.0001 0.63 0.47
Outward Rectification Threshold, mV 248.1560.68 256.0960.62 ,0.0001 ,0.0001 0.28
Oscillation Threshold, mV 256.2560.35 263.8660.38 ,0.0001 0.003 0.43
Maximum Amplitude of Oscillation, mV 0.6660.03 1.4960.07 ,0.0001 0.19 0.14
Bursting Threshold, mV 246.4861.20 257.2560.69 ,0.0001 0.013 0.13
Columns 2 and 3: mean 6 SE of measurements made for each variable for the two groups. Columns 4–6: probabilities of alpha-type errors associated with the two-way
ANOVA analyses are given for the effects of Group, Time and their interaction.
doi:10.1371/journal.pone.0011131.t002
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of von Frey filaments bilaterally. When compared to bilateral
injections, unilateral injections of acidic saline (Fig. 8B) caused
bilateral increases of nocifensive responses that were similar in
magnitude, but that lasted for a shorter period, while normal saline
had almost no effect (Fig. 8A). Mixtures of either ionotropic
(DNQX and APV; Fig. 8C) or metabotropic (MPEP and MCPG;
Fig. 8D) glutamate receptors antagonists given together with the
unilateral injections of acid saline prevented the induction of
allodynia on both sides of the face, but were ineffective if given
contralaterally to the acid saline injection (Fig. 8E and F).
Discussion
The results of our behavioural experiments suggest that bilateral
as well as unilateral injections of acidic saline into rat masseter
muscles induce a bilateral long-lasting allodynia-like response and
cause increased immediate early gene c-Fos expression in the
somata of the related muscle spindle Ia mechanoreceptor afferents.
Within a similar time frame, the neurons developed changes in
their electrical properties, which increased their excitability and
caused a small but significant fraction to fire spontaneously in vitro.
Furthermore, we confirmed that the Ia peripheral terminals
Figure 4. A: At equivalent membrane potentials, the subthreshold membrane oscillations of NVmes cells exposed to acidic saline are larger and the
number of cells firing repetitively is greater. Examples of recordings made 14 days after the second injection in Control (left) and Experimental
neurons showing the difference in oscillation amplitude at similar membrane potentials. The amount of current injected is given on the right of each
trace. Calibration bars in the Control panel also apply to the Experimental panel. B: Examples of the four types of firing patterns induced by current
injections. The inset illustrates a section of the ‘‘Bursting’’ trace at higher magnification to show that the bursts coincided with period of high
amplitude oscillations. Calibration bars in top left panel apply to all panels in B. RMP: resting membrane potential.
doi:10.1371/journal.pone.0011131.g004
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PLoS ONE | www.plosone.org 7 June 2010 | Volume 5 | Issue 6 | e11131contain high levels of the vesicular glutamate transporter
VGLUT1 and discovered that small-caliber axons, which are
located in close proximity to the annulospiral endings, express
nociceptor markers and metabotropic glutamate receptors.
Ipsilateral, but not contralateral, blockade of these receptors
and/or of other peripheral glutamatergic receptors prevents
development of the hypersensitivity.
Validity of the model and clinical relevance
Injections of hypertonic saline have been extensively used to
induce tonic pain in human muscles, including the masseters
[44–46]. Several of these studies showed that descriptions of
experienced pain quality, patterns of radiation and referral of pain,
and associated motor and sensory symptoms were quite similar in
experimental groups and in patient populations. However,
hypertonic saline induced pain in humans dissipates rapidly once
the infusion stops, and the changes in motor signs in animals
reverse within 15 min [47]. In our study, we needed an animal
model that allowed us to analyze the longer-term neural changes
that may underlie the transition to persistent muscle pain and
tenderness as seen in functional pain syndromes such as TMD,
Myofacial pain and Fibromyalgia [8]. In humans, saline of pH 5.2
has been used to mimic the hyperalgesia and allodynia
experienced following tissue acidosis and DOMS [12]. A model
presented by Sluka et al. [13] fulfilled our requirements of
expressing a long-lasting allodynia-like response (up to 30 days) in
rats. Following two injections of acidic saline at pH (4.0), 2 to 5
days apart in the gastrocnemius muscle, they compared the effects
of unilateral injections of saline at pH 4.0, 5.0, 6.0 and 7.2, and
found that solutions at pH 4.0 produced a most reliable bilateral
hyperalgesia. They also showed that intramuscular pH drops to
6.5 for about one minute after injection of 100 ml of saline at
pH 4.0 and returns to control values within 7 minutes. In humans,
exercise and inflammation cause a drop of pH that can be as low
as 5 in muscles, and low pH is associated with pain [12,48,49].
Having adapted the methods of Sluka et al. [13] to the masseter
muscles, we found that injections of saline at pH 4.0 cause a long
lasting increase in mechanical sensitivity of these muscles as
measured by the frequency of flinching and/or head withdrawals
following application of von Frey filaments. The time course of the
changes in mechanical sensitivity was similar to that reported by
Table 3. Long term effects of acidic saline on firing patterns
of NVmes neurons.
Firing Pattern Control (n=141) Experimental (n=167)
Adapting (A) 91 (65%) 83 (50%)
Train (T) 29 (21%) 36 (22%)
Bursting (B) 17 (12%) 35 (21%)
Train/Burst (TB) 4 (3%) 13 (8%)
A 91 (65%) 83 (50%)
T+B+TB 50 (35%) 84 (50%)
There was a significant difference in distribution between groups when neurons
were distributed into the four categories (X
2=9.99, df=3, p=0.019), and also
when grouped into Adapting and Non-adapting (T+B+TB) (X
2=6.85, df=1, p=
0.009).
doi:10.1371/journal.pone.0011131.t003
Table 4. Short term effects of acidic saline on electrical properties of NVmes neurons.
Control: 1-day
Post-injection
(n=6)
Experimental:
1-day
Post-injection
(n=8)
Control: 2 days
Post-injection
(n=8)
Experimental:
2 days
Post-injection
(n=9) Group Time
Group *
Time
Action Potential Amplitude, mV 87.9563.85 94.8865.15
p=0.29
88.0262.35 79.5163.62
p=0.07
0.84 0.051 0.049
Action Potential Half-Width, ms 0.8360.03 0.8960.05
p=0.3
0.8160.03 0.9360.05
p=0.06
0.037 0.81 0.48
After Hyper-Polarization
Amplitude, mV
9.1661.46 5.5961.13 9.2860.73 8.7760.99 0.080 0.15 0.19
After Hyper-Polarization
Duration, ms
52.6969.13 46.77618.12 62.7664.15 43.9169.97 0.25 0.73 0.54
Input Resistance, MV 79.3767.87 58.1765.99 67.2565.30 75.67611.01 0.46 0.75 0.093
Resting Membrane Potential, mV 253.8860.97 258.5061.12
p=0.01
254.5060.82 258.2260.78
p=0.005
0.0001 0.85 0.63
Firing Threshold,
mV
240.5662.85 249.9361.36
p=0.01
242.2361.95 253.9161.05
p=0.0003
,0.0001 0.17 0.56
Inward Rectification
Threshold, mV
264.1362.42 267.6761.36
p=0.23
262.6361.98 273.1163.14
p=0.014
0.010 0.44 0.18
Outward Rectification
Threshold, mV
245.1363.00 254.0063.29
p=0.07
241.1263.92 258.8962.35
p=0.02
0.0003 0.86 0.18
Oscillation Threshold, mV 249.0063.70 255.3361.48
p=0.15
253.6361.24 258.1161.21
p=0.02
0.023 0.11 0.68
Maximum Amplitude
of Oscillation, mV
1.0560.12 1.2060.30
p=0.66
0.7660.08 2.0160.17
p=0.00004
0.0003 0.14 0.003
Bursting Threshold, mV 230.2565.86 239.3364.48 241.0065.86 245.2563.01 0.21 0.12 0.64
Mean 6 SE of measurements made for each variable one and two days after a single bilateral injection of normal (Control) or acidic (Experimental) saline are shown.
Probabilities of alpha-type errors associated with the two-way ANOVA analyses are given for the effects of Group, Time and their interaction. When the effect of Group
or Group*Time were significant, t-tests were used for simple contrasts to compare Control and Experimental cells.
doi:10.1371/journal.pone.0011131.t004
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when using unilateral injections. In contrast to these results,
Ambalavanar et al. [50] reported that repeated saline injections of
pH as low as 3.0 had no effect on the pressure-pain threshold of rat
masseters. This is puzzling since injections of solutions at pH 4.0
are painful in humans [12] and evoke allodynia-like reponses when
injected into rat limb muscles [13,14,51]. Our lack of agreement
with the results of Ambalavanar et al. [50] could be due to
differences in the techniques employed. These authors measured
withdrawal threshold with a rigid filament connected to a force
transducer. Their figures suggest thresholds from 1 to 2 N, with
great variability between animals and experiments. Like Sluka
et al. [13], we compared the frequency of nocifensive responses to
calibrated von Frey filaments, and found significant differences
between Experimental and Control groups using forces equivalent
to 0.15 and 0.26 N.
Acidic saline muscle injections activate early genes in cell
bodies of Ia muscle spindle afferents
As part of our investigation into the role of Ia muscle spindle
afferents in development of long-term allodynia, we examined the
level of expression the c-Fos protein in their cell bodies following
muscle injection of acidic saline. c-Fos is a well established marker
of neuronal activity that has been widely used to show neuronal
groups activated by nociceptive inputs [52]. In particular,
increases in c-Fos expression have been reported in studies of
muscle nociception. Ro et al. [53] showed that a 10 min infusion
of hypertonic saline into the masseter muscle of anaesthetized rats
increases c-Fos expression in the medullary dorsal horn (caudal
trigeminal nucleus) within 2 h. Taguchi et al. [54] reported a
similar increase in the dorsal horn after eccentric contraction and
compression of the extensor digitorum longus muscle. In our
experiments the number of c-Fos-positive NVmes neurons
increased within 4 h of injection both in Experimental and
normal saline Control groups, but returned to the Unoperated
Control level within 24 h in the normal saline Controls. This
resembles the transient c-Fos expression in the spinal dorsal horn,
which returns to base level 8–24 h after acute nociceptor
stimulation [55]. However, c-Fos remained high for 96 h in the
Experimental group, indicating that acidic saline causes an
extended raise in expression of an early gene strongly linked to
increased neuronal activity in DRG [56].
Acidic saline muscle injections change Ia muscle spindle
afferent membrane properties and patterns of firing
Experimental neurons had a lower RMP,and inward and outward
rectification occurred at more hyperpolarized potentials. Further-
more, their high frequency membrane oscillations appeared at lower
membrane potentials, the maximum amplitude of the oscillations was
greater, and their threshold for firing was lower. Thus, neurons
related to acid-exposed masseter muscles functioned at more negative
membrane potentials,but yet weremoreexcitable, and more likely to
firespontaneouslythancontrolcells.Inmostrodent neuropathicpain
models, the increases in oscillation amplitude and spontaneous
ectopic firing seen in the cell bodies of A-fibres, including muscle
afferents were induced by direct injury to the axon [21,57,58]. We
havefound similarchangesinmusclespindleafferentsthat mayresult
fromexposure oftheir terminalstoH
+,ortosubstancesreleasedfrom
other cells in response to H
+. Although the NVmes neurons have no
ASIC3 channels or TRPV1 receptors [59], they do respond to pH
drops in vitro. However, unlike trigeminal ganglion neurons they are
insensitive to changes in pH between 7.4 and 6.0. Further reductions
cause large current changes in NVmes neurons (but not in ganglion
neurons), suggesting that they are more sensitive to low pH [41]. The
NVmes neurons have distinctive electrical properties. Their strong
inward and outward rectifications make it difficult for them to
maintain firing during depolarization and also to maintain a
hyperpolarized state [17–19,60]. Strong outward rectification
probably explains why most Control neurons adapted during
maintained depolarization (Table 3). However, Experimental
neurons discharged more during depolarization, and some of them
fired spontaneously despite having a lower threshold for outward
rectification and a more hyperpolarized RMP.
Spontaneous membrane oscillations, like those we have found in
NVmes, were first described by Puil and Spiegelman [61] in
trigeminal ganglion neurons. Later, Amir et al. [62] found that 35%
of large DRG neurons showed oscillations between 88–195 Hz when
depolarized. Unlike DRG and trigeminal ganglion cells, NVmes
neurons receive synaptic inputs but their oscillations persist after
blockage of their synapses [19–21]. All of these authors showed that
the oscillations wax and wane in amplitude in an irregular manner
(see also Figures 1 and 5). We confirmed that when NVmes cells are
depolarized by current injection, firing occurs during the depolarizing
crests of the oscillations [19]. Amir and Devor [63] found that non-
oscillating DRG neurons, even when deeply depolarized, were
unable to generate continuous discharge, signifying the importance of
the oscillatory process for repetitive firing. Pedroarena et al. [20]
reported seeing rapid oscillations in normal NVmes neurons only
above 253 mV, which agrees well with our data on mean oscillation
threshold of Control cells. However, the threshold of the oscillations
was significantly lower in Experimental neurons.
The depolarizing phase of the oscillations in DRG and NVmes
depends on a voltage-sensitive persistent inward sodium current
(INap) [21], while the repolarizing phase requires an outward
potassium current. Reports that wide spectrum blockers of voltage-
dependent K
+ channels, such as TEA and 4-AP, or intracellular
infusions of Cs
+, increase oscillation amplitude and repetitive firing
in DRG neurons [64], suggest the involvement of K
+ conduc-
tances in these processes. There is good evidence that ectopic
firing in large-diameter spinal afferents is associated with long-
term changes in the dorsal horn nociceptive pathways [6,65],
including a change in the composition of neurotransmitters that
they release [66]. The substrate for similar changes exists in the
brainstem because NVmes spindle afferents send collaterals into
regions of the spinal trigeminal nucleus that also receive nociceptor
inputs [67]. It has been shown that ectopic action potentials arising
from central axons or somata of primary afferents can also travel
antidromically towards the periphery [68–71]. Moreover, in-
creased glutamate levels have been observed in the hind paw
plantar skin following electrical stimulation of the sciatic nerve at
intensities activating low threshold A-fibres. Thus, action poten-
tials generated at the proximal part of the nerve cause release of
Figure5.Massetermuscle spindles containsmall-calibreafferents thatexpress nociceptor markers.Left andright photomicrographshave
identical frames with different sets of fluorescence filters. In each case, portions of the photomicrographs were digitally merged in boxed areas. A: Nerve
fibres immunoreactive for PGP9.5 andcontaining CGRP (A’). B: A small green CGRP-positive fibre (B’,thin arrow)runs across three VGLUT1-positive loops
of an annulospiral ending. None of the VGLUT1-positive fibres in B corresponded to the CGRP positive fibres in B’. In the merged image, the fibre to the
right appears yellow for most of its length (arrowheads) because it passes over red VGLUT1-positive fibres. C and C’: Fibres immunoreactive for both
PGP9.5 and SP. D and D’: Fibres immunoreactive for PGP9.5 and the capsaicin receptor, TRPV1. c: spindle capsule wall. All scale bars=10 mm.
doi:10.1371/journal.pone.0011131.g005
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PLoS ONE | www.plosone.org 10 June 2010 | Volume 5 | Issue 6 | e11131Figure 6. The putative nociceptors in muscle spindles carry mGluR5 receptors. In all cases, the photomicrographs from the left and right
columns have the exact same frames but with different set of fluorescence filters. Merged portions of these photographs were placed in boxed areas
to show the yellow-appearing double-labelled fibres. Left column shows photomicrographs of thin nerve fibres ( pointed by arrows) immunoreactive
for P2X3 (A and B) or TRPV1(C). Right column shows immunoreactivity of these same fibers to mGluR5 (A’, B’, C’). *: fluorescent artefact. c: spindle
capsule wall. All scale bars=10 mm.
doi:10.1371/journal.pone.0011131.g006
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Although we have not yet demonstrated that this occurs in our
experimental model, it is plausible that action potentials travelling
antidromically from NVmes cell bodies into their Ia axons may
induce a similar release of glutamate from their annulospiral
endings. This would be similar to the ‘‘antidromic vasodilation’’
that result from stimulation of a dorsal root [73].
Peripheral terminals of Ia muscle spindle afferents can
release glutamate
Injections of glutamate and its agonists into muscles, including the
masseter cause pain in humans [74], and excite nociceptive afferent
fibres in animals [75]. Furthermore, blocking of glutamate receptors
decreases nocifensive behaviors in animal models [53], and
glutamate concentrations increase inhumansuffering fromtrapezius
myalgia [76] and DOMS [77]. We suggest that some of this
glutamate could come from muscle spindle mechanoreceptor
terminals. Work on spindle afferents from limb muscles has shown
thatannulospiralendingscontainsynaptic-like vesicles[78] aswell as
synaptic vesicle proteins [79] and that they express the glutamate
transporter VGLUT1 [24]. Furthermore Bewick et al. [80] showed
that the endings release and recycle glutamate, and that the
glutamate modulates their mechanical sensitivity. Therefore, it is
probable that glutamate release from spindle afferent peripheral
terminals also occurs in the masseter muscle because we and others
[23] have shown that they also express VGLUT1. Alternately,
glutamate can also be released from the nociceptors themselves [81].
Masseter muscle spindles contain small-calibre nerve
fibers expressing nociceptor markers
As mentioned in the Introduction, thin axons have already been
described within muscle spindles and other mechanoreceptors
including tendon organs, Ruffini endings and Meissner corpuscles
[25,26]. Pare ´ et al. [27] showed that thin axons in Meissner
corpuscles express peptides (CGRP and SP) and the vanilloid
receptor, TRPV1, suggesting that they are nociceptive fibers. We
have now discovered that similar nerve fibres within masseter
muscle spindles also express nociceptor markers. CGRP and SP
are two peptides that have been associated with nociceptors, but
they have also been found in other types of primary afferents
[34,40,82,83]. Many of our masseter intrafusal axons were
immunoreactive for CGRP, but only a few contained SP, which
correlates well with the finding that 22% of trigeminal ganglion
masseter afferents contain CGRP, but only 5% contain SP [84].
The ATP membrane receptor, P2X3, is mainly found in small-
sized DRG neurons and it may be exclusively expressed by
nociceptors [39,85]. However, in the trigeminal ganglion, some
medium-sized neurons are also labelled [86,87]. We found many
P2X3-positive small-calibre fibres in masseter spindles, in
agreement with a report that 22% of masseter afferents, with cell
bodies in the trigeminal ganglion, express this marker [86]. Some
TRPV1-positive fibres were also seen within the muscle spindle
capsule, although many more were seen around blood vessels.
This capsaicin activated receptor is also strongly associated with
nociceptors, and injections of capsaicin into the masseter are
painful in humans [88]. The lectin IB4 binds to DRG nociceptor
neurons [38] and to many P2X3- positive trigeminal ganglion
neurons [86,89], but we found no IB4-labelled afferents within our
population of muscle spindles. Although somewhat surprising, our
results are supported by a report that only 5% of trigeminal
ganglion masseter afferents bind IB4 [84].
We have also found that both large and small-calibre fibres
within the masseter muscle spindles express the glutamate
receptors mGluR5. It is known that NVmes neurons express
Figure 7. The thin axons in muscle spindles are not sympathetic fibers. Tyrosine hydroxylase (TH)-immunoreactive axons (light green in A, B;
yellow in A’,B’) were seen close to muscle spindles and often over the capsule walls (c), but they were never seen among intrafusal muscle fibres. They
were most often associated with blood vessels (*). Scale bars=25 mm.
doi:10.1371/journal.pone.0011131.g007
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that the annulospiral endings bind mGluR5 antibodies. Many
small-calibre P2X3 fibres were mGluR5-positive, and a smaller
number expressed both TRPV1 and mGluR5. mGluR5 receptors
have been shown to play a role in various types of pain including
inflammatory, neuropathic and post-operative pain, and hyperal-
gesia [92–95] and it has been shown that peripheral mGluR5
antagonists attenuate nociceptive behaviour in rats [96]. This is in
agreement with our results, which show that blockade of these
receptors ipsilaterally to the side that received the acid saline
muscle injection prevents development of allodynia bilaterally.
However, central mechanisms must be involved in the contralat-
Figure 8. The increase in nocifensive behaviour induced by a unilateral injection of acid saline is bilateral and is prevented if
antagonists of glutamatergic receptors are administered together with the acid solution, but not if they are injected into the
contralateral muscle. Animals received two injections (arrows) of either normal (A) or acidic saline (B) into one of their masseter muscles. von Frey
filament 5.18 (load=15 g) was applied 106on each side and the number of withdrawals was counted. Means and standard errors are shown. C:
Ionotropic glutamate receptor antagonists (APV: 50mM and DNQX: 1mM) were added to the 2
nd injection. D: Metabotropic glutamate receptor
antagonists MPEP and MCPG (1mM each) were added to the 2
nd injection. E: DNQX and APV were given contralaterally to the acid saline injection. F:
MPEP and MCPG were given contralaterally to the acid saline injection. *, #: significantly different from their respective mean baseline (B1–B3)
response.
doi:10.1371/journal.pone.0011131.g008
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that not only central but also peripheral release of glutamate is
involved in modulating nociceptive transmission [22]. Obviously,
there are many sources for release of glutamate within muscles.
The possible contribution to persistent muscle pain of glutamate
release from Ia annulospiral endings acting on intrafusal
nociceptors remains an interesting but still open question.
Conclusions
The results of our studies on the experimental acid-saline model
for development of persistent muscle pain suggest that changes in
the phenotype of muscle spindle primary afferent neurons could be
linked to the development of allodynia and hyperalgesia as seen in
Myofascial pain, Fibromyalgia, and Temporomandibular disor-
ders. These phenotypic changes may lead to activation of central
nociceptive pathways explaining the contralateral sensitization,
but are also associated to ipsilateral changes involving sensitization
of nociceptors through activation of their glutamatergic receptors.
In the masseter muscle, at least some of these nociceptors have
terminals within muscle spindles. Our results suggest that
sensitization of these nociceptors involves activation of glutama-
tergic receptors and indicate that glutamate could be released by
the annulospiral endings themselves, but do not allow to rule out
the possibility that glutamate can be released from other sources as
well.
Materials and Methods
Animals
All experiments were carried out on young male Sprague-
Dawley rats, which were maintained and handled according to the
guidelines of the Canadian Council on Animal Care. All protocols
were approved by the animal care committees of the Universite ´d e
Montre ´al and Umea ˚ University (c-Fos experiments). Intramuscu-
lar injections were carried out under Isoflurane (Halocarbon
Products, River Edge, NJ) anaesthesia.
Effects of acidic saline injections on nocifensive
behaviour
Twelve rats 37 days old were used for testing of allodynia of the
masseter muscles. Six were given an injection of normal saline
(Control group; 20 ml, 0.9% NaCl, pH 7.2) into the centre of each
masseter muscle; the other 6 received bilateral injections of acidic
saline (Experimental group; 20 ml, 0.9% NaCl, pH 4.0). Following
the protocol established by Sluka et al. [13], the injections were
repeated two days later. Sensory testing was carried out by an
operator who was blind to treatment using a modification of the
method described by Ren [97]. The animals were handled with a
leather glove until they were comfortable nestling within it. A
series of von Frey filaments (#s 5.07, 5.18, 5.46 and 5.88, which
produce maximum loads of 10, 15, 26 and 60 g, respectively;
Stoelting, IL, USA) were then applied to the centre of the muscle
in order of increasing load. A filament was applied until it bent,
and was maintained in position until the animal flinched and/or
turned the head, or for a maximum of 1 s. Testing with each
filament was repeated 10 times per muscle with a 2 second interval
between trials, and the number of responses was noted. In 3
Control and 3 Experimental rats, testing was done on each of
three days prior to the injections, then on days 5, 7, 10, 17, 24, 31,
38 and 45 days after the first injection for all animals. In the other
6 animals (3 Experimental, 3 Control), additional testing was done
on the day after each of the injections to look for early changes in
responsiveness. Four animals from this study (2 Experimental, 2
Control) that had completed behavioural testing were also used for
electrophysiological experiments.
In a second series of experiments, 35 animals were used to test
the effects of unilateral injections and of the effects of glutamate
receptors antagonists. One third of these animals served as
Controls; 5 received a unilateral injection of 0.9% NaCl, pH: 7.2
and 6 received a unilateral injection of acidic saline (pH 4.0). One
third received glutamate receptor antagonists dissolved in the acid
saline solution unilaterally. In 6 of these a mixture of DNQX
(1 mM) and APV (50 mM) was used, while in 6 others, a mixture
of MPEP (5 mM) and MCPG (5 mM) was used. In the last third,
injections of acid-saline were made on one side and injections of
the antagonists (mixture of DNQX and APV, n=6; mixture of
MPEP and MCPG, n=6) were made on the opposite side.
All injections were repeated 2 days after and testing with von
Frey filaments was conducted as above.
Effects of acidic saline injections on c-Fos expression
Thirty-three rats 13–16 days old were used for this part of the
study. Five animals did not receive any injections and were used
as Unoperated Controls. Fourteen were given injections of
normal saline (Control group; 20 ml, 0.9% NaCl , pH 7.2) into
each masseter muscle; the other 14 were given bilateral
injections of acidic saline (Experimental group; 20 ml, 0.9%
NaCl, pH 4.0). Each animal was deeply anaesthetized with
I s o f l u r a n ea n dp e r f u s e di n t r a c a rdially with phosphate buffered
saline (PBS: 0.1 M phosphate buffer containing 0.9% NaCl,
pH 7.4) followed by 4% paraformaldehyde in PBS. Equal
numbers of Control and Experimental animals were perfused
4h( n=8), 24h (n=10) and 96h (n=10) after the injections.
The brainstem from superior colliculus to obex was removed
and post-fixed in the same solution overnight and immersed in a
solution of 0.1 M phosphate buffer, pH 7.4, containing 30%
sucrose for at least 48 h at 4uC. Frozen transverse sections,
30 mm thick, were cut on a freezing microtome, collected and
rinsed repeatedly in PBS, thereafter transferred to hydrogen-
peroxide (0.5%) incubation for 30 min to eliminate endogenous
peroxidase activity. Sections were then incubated for 48–72 h at
4uC in a 1:2000 dilution of a polyclonal c-Fos antibody (c-
Fos(4):sc-52, 23 Santa Cruz Biotechnology Inc., Santa Cruz,
CA) in PBS containing 0.3% Triton X-100 and 5% normal goat
serum. After three washes in PBS, sections were incubated for
1 h at room temperature in a secondary biotinylated anti-rabbit
IgG (BA-1000, Vector Laboratories, CA, USA). Antibody
detection was carried out using Vectastain ABC kit (Vector
Laboratories) with 0.07% 3,39-diaminobenzidine (Sigma, St
Louis, USA) as the chromogen for 6–8 min to yield a brown
reaction product. The sections were then mounted onto
chrome-alum-coated glass slides, air-dried overnight, and
cover-slipped with xylene-based mounting medium, and exam-
ined using bright-field microscopy with a Zeiss Axiovert 100
microscope (620 objective lens). Neurons immunoreactive to c-
Fos were recognized by the dark brown precipitate of the DAB
reaction. As negative controls, some sections were processed as
described above, but without the primary antibody. These
sections were free of c-Fos staining, showing that labelling
resulted from the primary antibody. An examiner who was blind
to treatment counted the number of positively stained NVmes
cells along the whole length of both left and right nuclei from
the oculomotor nucleus to the rostral part of the trigeminal
motor nucleus. Every second section was examined to avoid
double counting of these large diameter neurons. Results were
expressed as means 6 SE per section.
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PLoS ONE | www.plosone.org 14 June 2010 | Volume 5 | Issue 6 | e11131Figure 9. Methods used to describe membrane properties of NVmes neurons. A: Hyperpolarizing and depolarizing current injections of 1 s
duration were used to construct current voltage relationships. A cursor was used to measure the trans-membrane voltage just before the end of the
current step. B: The points of inflection on the I–V curve were taken as the thresholds for inward and outward rectification. C: Data from the
depolarizing current pulses was also used to calculate firing threshold, action potential amplitude and half-width, afterhyperpolarization (AHP)
amplitude and duration. D: Maximum oscillation amplitude (inset), and thresholds for high-frequency oscillations and for burst firing were also
measured with the cursor.
doi:10.1371/journal.pone.0011131.g009
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spindle afferent electrical properties
Prior to experiments, the somata of muscle spindle afferents in
NVmes were retrogradely labelled by injecting Cholera toxin b
subunit conjugated to Alexa Fluor 488 (Invitrogen, Carlsbad, CA)
or DiI (Sigma) into both masseter muscles of all rats. Anaesthesia
for all muscle injections was produced by hypothermia prior to day
P5, and by inhalation of Isoflurane in older animals.
Effect of acidic saline injections on spindle afferent
membrane properties: Long-term changes. Data was
gathered from 72 rats. Following intramuscular injections of
fluorescent Cholera toxin b subunit (see above) 1–3 days after
birth, they were divided into three groups: Group A, bilateral
injections of normal saline (10 ml, 0.9% NaCl at pH 7.2 ) into the
masseter muscles; Group B injections of 10 ml of saline pH 7.2 into
one masseter, and 10 ml of acidic saline (pH 4) on the opposite side
(approximately equal numbers received the acidic saline on the left
and on the right); Group C, bilateral 10 ml injections of acidic
saline (Table 1). The first intramuscular injection of saline was
given on the day following the Cholera toxin injection, the second
two days later. Electrophysiological experiments were carried out
at 7 different times after the second injection: T1: 2–8 hours
(n=7); T2: 1 day (n=6); T3: 2–5 days (n=14); T4: 6–8 days
(n=16); T5: 9–11 days (n=9); T6; 12–14 days (n=11); T 7: 32–
35 days (n=9). The person carrying out the recordings and data
measurement was not blind to treatment, but did not know what
changes in neuronal properties could be expected.
Effect of acidic saline injections on masseter muscle
spindle membrane properties: Short-term changes.
Because a preliminary analyses of data from the experiment
described above showed significant differences between neutral
and acidic saline neurons 2–8 h after the second saline injection, a
second experiment was performed using only one injection. Six
animals were prepared as for Groups A (bilateral normal saline)
and C (bilateral acidic saline) above. Recordings were carried out
one (T1) or two days (T2) after the injection. The person carrying
out the recordings and data analysis was blind to treatment.
In vitro recordings. At the predetermined time, animals
were decapitated, the brains were quickly removed and coronal
brainstem slices (250–350 mm thick) were cut with a vibrating
microtome (Leica VT100S) and placed in ice-cold, modified
sucrose-based artificial cerebrospinal fluid (ACSF in mM; 225
sucrose, 3 KCl, 1.25 KH2PO4,4 M g S O 4,2 6N a H C O 3,a n d2 5
D-glucose). They were transferred to a submerged-type
chamber for whole cell patch-clamp recordings and
continuously perfused with oxygenated (mixture of 95% O2
and 5% CO2) normal ACSF (in mM: 126 NaCl, 3 KCl, 1.25
KH2PO4,1 . 3M g S O 4, 2.4 CaCl2,2 6N a H C O 3,a n d2 5D -
glucose) at room temperature. The slices were examined
through a fixed stage microscope (Eclipse E600FN, Nikon)
coupled with a 406 water immersion lens. Labelled cells were
identified using epifluorescence and the recording electrode was
positioned under infrared microscopy. Whole cell patch-clamp
recordings in current-clamp mode were made using an
AxoClamp-2B amplifier (Axon Instruments, Foster City, CA).
Patch electrodes (3.5–8.5 MV) were pulled from borosilicate
glass capillaries (1.00 mm ID, 1.12 mm OD; World Precision
Instruments, Sarasota, FL) on aS u t t e rP - 9 7p u l l e r( S u t t e r
Instruments Company, Novato, CA) and filled with a K
+-
gluconate-based solution (in mM: 140 K
+-gluconate, 5 NaCl, 2
Table 5. Sources of antibodies and lectin with final working dilutions.
Primary antibodies Dilution Company Cat #
Rabbit anti-protein gene product 9.5 (PGP9.5); General marker of peripheral nerve fibres [26] 1:500 Affinity Research PG9500
Rabbit anti-vesicular glutamate transporter type 1 (VGLUT1); Present in annulospiral endings [22,23] 1:2000 Synaptic Systems 135 302
Sheep anti-calcitonin gene-related peptide (CGRP); Present in TG masseter afferents [81] 1:500 Abcam ab22560
Guinea pig anti-substance P (SP); Present in TG masseter afferents [81] 1:1000 Chemicon AB5892
Guinea pig anti-transient receptor potential vanilloid type 1 (TRPV1); Present in TG neurons [94] 1:500 Neuromics GP14100
Control peptide for TRPV1 20 mg/ml Neuromics P14100
Guinea pig anti-ATP-gated purinergic receptor subunit 3 (P2X
3); Present in TG masseter afferents and affected by masseter inflammation [83]
1:500 Neuromics GP10108
Control peptide for P2X3 10
25 M Neuromics P10108
Rabbit anti-AMPA receptor subunit 1 (GluR1); Present in TG neurons and increased by masseter inflammation [95] 1:2500 Immunostar Inc. 24439
Rabbit anti-NMDA receptor subunit R2B (NMDAR2B); Present in TG masseter afferents [96]; increased by masseter
inflammation [95]
1:100 Abcam ab109
Rabbit anti-metabotropic glutamate receptor type 5 (mGluR5); Present in TG neurons; increased by masseter
inflammation [95]
1:500 Chemicon AB5675
Control peptide for mGluR5 10 mg/ml Chemicon AG374
Chicken anti-tyrosine hydroxylase (TH); Marker of catecholaminergic fibres [97,98] 1:100 Chemicon AB9702
Lectin
Isolectin B4 from Griffonia simplicifolia conjugated to Alexa Fluor 488; Present in TG masseter afferents [81] 20 mg/ml Invitrogen I21411
Secondary antibodies
Goat anti-rabbit-Alexa Fluor 594 1:200 Invitrogen A11012
Donkey anti-sheep-Alexa Fluor 488 1:200 Invitrogen A11015
Goat anti-guinea pig-Alexa Fluor 488 1:200 Invitrogen A11073
Donkey anti-chicken-FITC 1:200 Jackson 703-095-155
doi:10.1371/journal.pone.0011131.t005
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GTP tris salt). All chemicals were supplied by Sigma.
Whole-cell current and voltage recordings were attained
through a Digidata 1322A interface and analyzed with pClamp
9 software (Axon Instruments). Only cells with a resting membrane
potential (RMP) below 250 mV were used in the experiments.
The input resistance was measured from the slope of the linear
portion of the I/V relationship (Fig. 9B) obtained by plotting
membrane voltage changes produced by steps of current (0.1 nA,
1s; Fig. 9A). The membrane potentials at which there was an
abrupt change in the slope of the I–V relationship (Fig. 9B,C) were
taken as the thresholds of inward or outward rectification. In order
to examine the basic firing characteristics of the cells, single spikes
were evoked by brief intracellular pulses imposed (1 ms) on the
holding potential. The following measurements were made: firing
threshold, peak amplitude of the action potential from RMP,
action potential half-width, amplitude of the after-hyperpolariza-
tion (AHP; measured from RMP), and AHP duration (measured
as the time to RMP; Fig. 9C). Incrementing 1 s current steps were
also used to measure the threshold of bursting when present and of
the high-frequency membrane oscillations. Amplitude, oscillations
(Fig. 9D) and frequency were measured at the membrane potential
Figure 10. Labelling in the trigeminal ganglion was used as a positive control for antibodies tested in the masseter muscle.
Photomicrographs of trigeminal ganglion neurons (TG) immunoreactive for four markers used in the present study. The scale bar (50 mm) applies to
all photomicrographs.
doi:10.1371/journal.pone.0011131.g010
Table 6. Number of muscles processed for each combination of antibodies and/or lectin.
Antibodies or lectin PGP9.5 VGLUT1 CGRP SP P2X3 TRPV1 mGluR5 GluR1 NMDAR2B TH IB4
PGP9.5 9 3 4 6 3 4
VGLUT1 1 1 3 5 1
CGRP 9 1 4 3 3
SP 3 1
P2X3 4 3 4
TRPV1 6 5 3
mGluR5 4 4 3
GluR1 3
NMDAR2B 3
TH 3 1
IB4 4
Total muscles for each marker 29 11 20 4 11 14 11 3 3 4 4
doi:10.1371/journal.pone.0011131.t006
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calculated from three cycles with greatest amplitude (see inset).
Patterns of spontaneous firing and firing during maintained
depolarization were described.
Anatomical relationship of muscle spindle
mechanoreceptor and nociceptor afferents
Sixty-two rats 24 to 29 days old were deeply anaesthetized with
pentobarbital (100 mg/kg IP) and perfused intracardially with
50 ml of PBS at 37uC followed by 200 ml of an ice-cold solution of
4% paraformaldehyde in PBS. The masseter muscles and
trigeminal ganglia (used for positive controls of immunolabelling)
were quickly removed, post-fixed for 90 min, and immersed in a
20% sucrose solution overnight at 4uC. The next day, the tissues
were frozen in 2- methylbutane (Fisher Scientific, Nepean, ON,
Canada) and kept at 280uC until processing. The muscles and
ganglia were sectioned along their long axes at 15 mm, placed on
ColorFrost Plus slides (Fisher Scientific), air-dried at 37uC
overnight and processed for immunofluorescence the next day.
Immunofluorescence and lectin binding. All steps were
carried out at room temperature unless specified otherwise. Tissue
sections were rinsed three times for 10 min with PBS followed by a
60 min incubation in a blocking solution containing 6% normal
goat serum and 0.3% Triton X-100 in PBS. This solution was also
used for all antibody dilutions. Sections were then incubated
overnight at 4uC in the presence of combinations of primary
antibodies, or antibody and lectin. Rabbit anti-protein gene
product 9.5 was used as a general marker of axons [28]. The
choice of nociceptor markers and glutamate receptors was based
on their reported presence in trigeminal ganglion neurons,
particularly in masseter afferents, and on evidence that masseter
inflammation can affect their expression [23,24,28,84,86,98–102]
(see also Table 5). The number of muscles used for each antibody
and for combinations is given in Table 6.
The next day, the sections were rinsed three times for 10 min
with PBS followed by incubation in the appropriate mixture of
secondary antibodies for 60 min. All sections were then rinsed
three times for 10 min with PBS. Those processed for immuno-
fluorescence were quickly rinsed with distilled H2O and dried at
37uC for 15 min. Slides for lectin processing were incubated for
60 min at room temperature in a solution of distilled H2O
containing MnCl2, MgCl2 and CaCl2, each at a concentration of
Figure 11. Preabsorption with immunogen peptide eliminated labelling in the ganglion and in the muscle indicating that the
obtained labelling is specific. Photomicrographs of masseter muscle spindles showing positive, preabsorption and negative controls for three
markers used in the study. Large arrows indicate the location of the spindle, small arrows point to small-calibre intrafusal nerve fibres. B1 and C1 were
taken with a 606objective, all others with a 406. All scale bars=25 mm.
doi:10.1371/journal.pone.0011131.g011
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20 mg/ml. They were then rinsed with PBS followed by distilled
H2O and dried at 37uC for 15 min. All slides were then cover
slipped using Vectashield mounting medium (Vector Laboratories,
Burlingame, CA, USA). All primary antibodies had been
characterized by the manufacturer through pre-absorption tests,
dot blots or Western blots (Table 5). Further control tests were
carried out on trigeminal ganglia and on masseter muscles. In the
negative controls, the primary antibodies were omitted, and in
each case, there was no detectable labelling. Positive controls were
carried out on trigeminal ganglia and results were compared to
published studies to confirm that each antibody bound to the
appropriate neural targets. Examples showing labelling of ganglion
neurons with antibodies against TRPV1, P2X3, mGluR5 and
CGRP are shown in Figure 10.
As a further control, the TRPV1, P2X3 and mGluR5
antibodies were pre-absorbed using their corresponding immuno-
gen peptide. Exposing the antibodies at final dilutions to 20 mg/
ml, 10
25 M and 10 mg/ml of their respective immunogen peptide
for 2 h at room temperature completely abolished their specific
labelling of trigeminal ganglion neurons and their processes,
including those in masseter muscle spindles (Fig. 11).
The sections were viewed under an Eclipse 600 epifluorescence
microscope equipped with a DXM1200 digital camera (Nikon
Canada, Montre ´al, QC). Adjustments of contrast and merges of
photographs were performed using SimplePCI software (Compix,
Cranberry Township, PA,USA).
Statistical Analysis
Parametric data was expressed as mean 6 Standard Error (SE).
Normality of distribution was tested for all variables in all groups.
When parametric tests could be used, between group comparisons
were performed with ANOVAs or repeated measured ANOVAs.
For pair wise comparisons, independent t-tests or Tukey’s tests
were used. Chi-squared tests were used to compare patterns of
firing between treatment groups. Probabilities of alpha-type errors
of ,0.05 were considered to be significant. All analyses were
carried out by a person naı ¨ve to the aims of the experiment.
Limitations of the methods
For practical reasons, young animals are preferred for patch
clamp recording, while older are better for behavioural experi-
ments. However, even though most of the animals used for
recording were injected with a tracer soon after birth, the effects of
acid on membrane properties of NVmes neurons were still present
when the animals were between 35 and 40 days old. This was at
about the age of the animals used for the behavioural experiments,
which began when animals were 37 days old. We suggest that the
difference of a few days is unlikely to be important, particularly
since the effect of time (and therefore age) on the key electrical
parameters that were changed by acid exposure was weak or
absent.
Acknowledgments
We are grateful to Danielle Veilleux, Dorly Verdier and Louise Grondin
for their technical assistance.
Author Contributions
Conceived and designed the experiments: JPL TA NCS FA KGW AK.
Performed the experiments: SS TA NCS FA BT IA KGW. Analyzed the
data: JPL SS TA NCS FA BT IA PR KGW AK. Wrote the paper: JPL SS
TA NCS FA KGW AK.
References
1. Nordin M, Nystrom B, Wallin U, Hagbarth KE (1984) Ectopic sensory
discharges and paresthesiae in patients with disorders of peripheral nerves,
dorsal roots and dorsal columns. Pain 20: 231–245.
2. Gracely RH, Lynch SA, Bennett GJ (1992) Painful neuropathy: altered central
processing maintained dynamically by peripheral input. Pain 51: 175–194.
3. Xie Y, Zhang J, Petersen M, LaMotte RH (1995) Functional changes in dorsal
root ganglion cells after chronic nerve constriction in the rat. J Neurophysiol
73: 1811–1820.
4. Sukhotinsky I, Ben-Dor E, Raber P, Devor M (2004) Key role of the dorsal root
ganglion in neuropathic tactile hypersensibility. Eur J Pain 8: 135–143.
5. Tsuboi Y, Takeda M, Tanimoto T, Ikeda M, et al. (2004) Alteration of the
second branch of the trigeminal nerve activity following inferior alveolar nerve
transection in rats. Pain 111: 323–334.
6. Devor M (2005) Responses of Nerves to Injury in Relation to Neuropathic
Pain. The Pathophysiology of Damaged Peripheral Nerve. In: McMahon SL,
Koltzenberg M, eds. Wall and Melzack’s Textbook of Pain. London: Churchill-
Livingston. pp 905–927.
7. Kitagawa J, Takeda M, Suzuki I, Kadoi J, Tsuboi Y, et al. (2006) Mechanisms
involved in modulation of trigeminal primary afferent activity in rats with
peripheral mononeuropathy. Eur J Neurosci 24: 1976–1986.
8. Mayer EA, Bushnell MC (2009) Functional pain syndromes: Presentation and
pathophysiology. Seattle: International Association for the Study of Pain Press.
578 p.
9. Weerakkody NS, Whitehead NP, Canny BJ, Gregory JE, Proske U (2001)
Large-fiber mechanoreceptors contribute to muscle soreness after eccentric
exercise. J Pain 2: 209–219.
10. Barlas P, Walsh DM, Baxter GD, Allen JM (2000) Delayed onset muscle
soreness: effect of an ischaemic block upon mechanical allodynia in humans.
Pain 87: 221–225.
11. Barbe MF, Barr AE (2006) Inflammation and the pathophysiology of work-
related musculoskeletal disorders. Brain Behav Immun 20: 423–429.
12. Issberner U, Reeh PW, Steen KH (1996) Pain due to tissue acidosis: a mechanism
for inflammatory and ischemic myalgia? Neurosci Lett 208: 191–194.
13. Sluka KA, Kalra A, Moore SA (2001) Unilateral intramuscular injections of
acidic saline produce a bilateral, long-lasting hyperalgesia. Muscle Nerve 24:
37–46.
14. Sluka KA, Rohlwing JJ, Bussey RA, Eikenberry SA, Wilken JM (2002) Chronic
muscle pain induced by repeated acid Injection is reversed by spinally
administered mu- and delta-, but not kappa-, opioid receptor agonists.
J Pharmacol Exp Ther 302: 1146–1150.
15. Corbin KB, Harrison F (1940) Function of mesencephalic root of fifth cranial
nerve. J Neurophysiol 3: 423–435.
16. Szentagothai J (1948) Anatomical consideration of monosynaptic reflex arcs.
J Neurophysiol 11: 445–454.
17. Khakh BS, Henderson G (1998) Hyperpolarization-activated cationic currents
(Ih) in neurones of the trigeminal mesencephalic nucleus of the rat. J Physiol
510 ( Pt 3): 695–704.
18. Tanaka S, Wu N, Hsaio CF, Turman J, Jr., Chandler SH (2003) Development
of inward rectification and control of membrane excitability in mesencephalic v
neurons. J Neurophysiol 89: 1288–1298.
19. Verdier D, Lund JP, Kolta A (2004) Synaptic inputs to trigeminal primary
afferent neurons cause firing and modulate intrinsic oscillatory activity.
J Neurophysiol 92: 2444–2455.
20. Pedroarena CM, Pose IE, Yamuy J, Chase MH, Morales FR (1999) Oscillatory
membrane potential activity in the soma of a primary afferent neuron.
J Neurophysiol 82: 1465–1476.
21. Wu N, Hsiao CF, Chandler SH (2001) Membrane resonance and subthreshold
membrane oscillations in mesencephalic V neurons: participants in burst
generation. J Neurosci 21: 3729–3739.
22. Carlton SM (2001) Peripheral excitatory amino acids. Curr Opin Pharmacol 1:
52–56.
23. Pang YW, Li JL, Nakamura K, Wu S, Kaneko T, et al. (2006) Expression of
vesicular glutamate transporter 1 immunoreactivity in peripheral and central
endings of trigeminal mesencephalic nucleus neurons in the rat. J Comp Neurol
498: 129–141.
24. Wu SX, Koshimizu Y, Feng YP, Okamoto K, Fujiyama F, et al. (2004)
Vesicular glutamate transporter immunoreactivity in the central and peripheral
endings of muscle-spindle afferents. Brain Res 1011: 247–251.
25. Matthews PBC (1972) Mammalian muscle receptors and their central actions.
London: Edward Arnold Ltd. pp 630.
26. Santini M, Ibata Y (1971) The fine structure of thin unmyelinated axons within
muscle spindles. Brain Res 33: 289–302.
27. Pare ´ M, Elde R, Mazurkiewicz JE, Smith AM, Rice FL (2001)
The Meissner corpuscle revised: a multiafferented mechanoreceptor
with nociceptor immunochemical properties. J Neurosci 21: 7236–
7246.
Muscle Spindles and Pain
PLoS ONE | www.plosone.org 19 June 2010 | Volume 5 | Issue 6 | e1113128. Thompson RJ, Doran JF, Jackson P, Dhillon AP, Rode J (1983) PGP 9.5–a new
marker for vertebrate neurons and neuroendocrine cells. Brain Res 278:
224–228.
29. Doran JF, Jackson P, Kynoch PA, Thompson RJ (1983) Isolation of PGP 9.5, a
new human neurone-specific protein detected by high-resolution two-
dimensional electrophoresis. J Neurochem 40: 1542–1547.
30. Wilson PO, Barber PC, Hamid QA, Power BF, Dhillon AP, et al. (1988) The
immunolocalization of protein gene product 9.5 using rabbit polyclonal and
mouse monoclonal antibodies. Br J Exp Pathol 69: 91–104.
31. Winarakwong L, Muramoto T, Soma K, Takano Y (2004) Age-related changes
and the possible adaptability of rat jaw muscle spindles: immunohistochemical
and fine structural studies. Arch Histol Cytol 67: 227–240.
32. Takamori S, Rhee JS, Rosenmund C, Jahn R (2000) Identification of a
vesicular glutamate transporter that defines a glutamatergic phenotype in
neurons. Nature 407: 189–194.
33. Bellocchio EE, Reimer RJ, Fremeau RT, Jr., Edwards RH (2000) Uptake of
glutamate into synaptic vesicles by an inorganic phosphate transporter. Science
289: 957–960.
34. Hoheisel U, Mense S, Scherotzke R (1994) Calcitonin gene-related peptide-
immunoreactivity in functionally identified primary afferent neurones in the
rat. Anat Embryol (Berl) 189: 41–49.
35. Cook SP, Vulchanova L, Hargreaves KM, Elde R, McCleskey EW (1997)
Distinct ATP receptors on pain-sensing and stretch-sensing neurons. Nature
387: 505–508.
36. Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, et al.
(1997) The capsaicin receptor: a heat-activated ion channel in the pain
pathway. Nature 389: 816–824.
37. Julius D, Basbaum AI (2001) Molecular mechanisms of nociception. Nature
413: 203–210.
38. Gerke MB, Plenderleith MB (2001) Binding sites for the plant lectin Bandeiraea
simplicifolia I-isolectin B(4) are expressed by nociceptive primary sensory
neurones. Brain Res 911: 101–104.
39. Chizh BA, Illes P (2001) P2X receptors and nociception. Pharmacol Rev 53:
553–568.
40. Lawson SN, Crepps B, Perl ER (2002) Calcitonin gene-related peptide
immunoreactivity and afferent receptive properties of dorsal root ganglion
neurones in guinea-pigs. J Physiol 540: 989–1002.
41. Connor M, Naves LA, McCleskey EW (2005) Contrasting phenotypes of
putative proprioceptive and nociceptive trigeminal neurons innervating jaw
muscle in rat. Mol Pain 1: 31.
42. Leffler A, Monter B, Koltzenburg M (2006) The role of the capsaicin receptor
TRPV1 and acid-sensing ion channels (ASICS) in proton sensitivity of
subpopulations of primary nociceptive neurons in rats and mice. Neuroscience
139: 699–709.
43. Bombardi C, Grandis A, Chiocchetti R, Bortolami R, Johansson H, et al.
(2006) Immunohistochemical localization of alpha(1a)-adrenoreceptors in
muscle spindles of rabbit masseter muscle. Tissue Cell 38: 121–125.
44. Kellgren JH (1938) Observations on referred pain arising from muscle. Clin Sci
3: 175–190.
45. Stohler CS, Zhang X, Ashton-Miller JA (1992) An experimental model of jaw
muscle pain in man. In: Davidovitch Z, ed. The biological mechanisms of tooth
movement and craniofacial adaptation: proceedings of the international
conference held at the Great Southern Hotel, Columbus, Ohio, May 8–11,
1991. Columbus, OH: The Ohio State University, College of Dentistry. pp
503–511.
46. Svensson P, Arendt-Nielsen L, Houe L (1998) Muscle pain modulates
mastication: an experimental study in humans. J Orofac Pain 12: 7–16.
47. Westberg KG, Clavelou P, Schwartz G, Lund JP (1997) Effects of chemical
stimulation of masseter muscle nociceptors on trigeminal motoneuron and
interneuron activities during fictive mastication in the rabbit. Pain 73: 295–308.
48. Hood VL, Schubert C, Keller U, Muller S (1988) Effect of systemic pH on pHi
and lactic acid generation in exhaustive forearm exercise. Am J Physiol 255:
F479–F485.
49. Reeh PW, Steen KH (1996) Tissue acidosis in nociception and pain. Prog Brain
Res 113: 143–151.
50. Ambalavanar R, Yallampalli C, Yallampalli U, Dessem D (2007) Injection of
adjuvant but not acidic saline into craniofacial muscle evokes nociceptive
behaviors and neuropeptide expression. Neuroscience 149: 650–659.
51. Sluka KA, Price MP, Breese NM, Stucky CL, Wemmie JA, et al. (2003)
Chronic hyperalgesia induced by repeated acid injections in muscle is abolished
by the loss of ASIC3, but not ASIC1. Pain 106: 229–239.
52. Hunt SP, Pini A, Evan G (1987) Induction of c-fos-like protein in spinal cord
neurons following sensory stimulation. Nature 328: 632–634.
53. Ro JY, Capra NF, Lee JS, Masri R, Chun YH (2007) Hypertonic saline-
induced muscle nociception and c-fos activation are partially mediated by
peripheral NMDA receptors. Eur J Pain 11: 398–405.
54. Taguchi T, Matsuda T, Tamura R, Sato J, Mizumura K (2005) Muscular
mechanical hyperalgesia revealed by behavioural pain test and c-Fos expression
in the spinal dorsal horn after eccentric contraction in rats. J Physiol 564:
259–268.
55. Draisci G, Iadarola MJ (1989) Temporal analysis of increases in c-fos,
preprodynorphin and preproenkephalin mRNAs in rat spinal cord. Brain Res
Mol Brain Res 6: 31–37.
56. Fields RD, Eshete F, Stevens B, Itoh K (1997) Action potential-dependent
regulation of gene expression: temporal specificity in ca2
+, cAMP-responsive
element binding proteins, and mitogen-activated protein kinase signaling.
J Neurosci 17: 7252–7266.
57. Liu CN, Wall PD, Ben-Dor E, Michaelis M, Amir R, et al. (2000) Tactile
allodynia in the absence of C-fiber activation: altered firing properties of DRG
neurons following spinal nerve injury. Pain 85: 503–521.
58. Boucher TJ, Okuse K, Bennett DL, Munson JB, Wood JN, et al. (2000) Potent
analgesic effects of GDNF in neuropathic pain states. Science 290: 124–127.
59. Molliver DC, Immke DC, Fierro L, Pare M, Rice FL, et al. (2005) ASIC3, an
acid-sensing ion channel, is expressed in metaboreceptive sensory neurons. Mol
Pain 1: 35.
60. Del Negro CA, Chandler SH (1997) Physiological and theoretical analysis of
K
+ currents controlling discharge in neonatal rat mesencephalic trigeminal
neurons. J Neurophysiol 77: 537–553.
61. Puil E, Spigelman I (1988) Electrophysiological responses of trigeminal root
ganglion neurons in vitro. Neuroscience 24: 635–646.
62. Amir R, Michaelis M, Devor M (1999) Membrane potential oscillations in
dorsal root ganglion neurons: role in normal electrogenesis and neuropathic
pain. J Neurosci 19: 8589–8596.
63. Amir R, Devor M (1997) Spike-evoked suppression and burst patterning in
dorsal root ganglion neurons of the rat. J Physiol 501 ( Pt 1): 183–196.
64. Amir R, Michaelis M, Devor M (2002) Burst discharge in primary sensory
neurons: triggered by subthreshold oscillations, maintained by depolarizing
afterpotentials. J Neurosci 22: 1187–1198.
65. Woolf CJ (1983) Evidence for a central component of post-injury pain
hypersensitivity. Nature 306: 686–688.
66. Devor M (2009) Ectopic discharge in Abeta afferents as a source of neuropathic
pain. Exp Brain Res 196: 115–128.
67. Luo P, Wong R, Dessem D (1995) Projection of jaw-muscle spindle afferents to
the caudal brainstem in rats demonstrated using intracellular biotinamide.
J Comp Neurol 358: 63–78.
68. Wall PD, Devor M (1983) Sensory afferent impulses originate from dorsal root
ganglia as well as from the periphery in normal and nerve injured rats. Pain 17:
321–339.
69. Russell LC, Burchiel KJ (1988) Spontaneous activity in afferent and efferent
fibers after chronic axotomy: response to potassium channel blockade.
Somatosens Mot Res 6: 163–177.
70. Gossard JP, Bouyer L, Rossignol S (1999) The effects of antidromic discharges
on orthodromic firing of primary afferents in the cat. Brain Res 825: 132–145.
71. Amir R, Kocsis JD, Devor M (2005) Multiple interacting sites of ectopic spike
electrogenesis in primary sensory neurons. J Neurosci 25: 2576–2585.
72. Klis SF, O’Leary SJ, Hamers FP, De Groot JC, Smoorenburg GF (2000)
Reversible cisplatin ototoxicity in the albino guinea pig. Neuroreport 11:
623–626.
73. Willis WD, Jr. (1999) Dorsal root potentials and dorsal root reflexes: a double-
edged sword. Exp Brain Res 124: 395–421.
74. Svensson P, Cairns BE, Wang K, Hu JW, Graven-Nielsen T, et al. (2003)
Glutamate-evoked pain and mechanical allodynia in the human masseter
muscle. Pain 101: 221–227.
75. Dong XD, Mann MK, Sessle BJ, Arendt-Nielsen L, Svensson P, et al. (2006)
Sensitivity of rat temporalis muscle afferent fibers to peripheral N-methyl-D-
aspartate receptor activation. Neuroscience 141: 939–945.
76. Rosendal L, Larsson B, Kristiansen J, Peolsson M, Sogaard K, et al. (2004)
Increase in muscle nociceptive substances and anaerobic metabolism in patients
with trapezius myalgia: microdialysis in rest and during exercise. Pain 112:
324–334.
77. Tegeder L, Zimmermann J, Meller ST, Geisslinger G (2002) Release of algesic
substances in human experimental muscle pain. Inflamm Res 51: 393–402.
78. Akoev GN, Alekseev NP, Krylov BV (1988) Mechanoreceptors: Their
Functional Organization. Berlin: Springer-Verlag. pp 198.
79. De Camilli P, Vitadello M, Canevini MP, Zanoni R, Jahn R, et al. (1988) The
synaptic vesicle proteins synapsin I and synaptophysin (protein P38) are
concentrated both in efferent and afferent nerve endings of the skeletal muscle.
J Neurosci 8: 1625–1631.
80. Bewick GS, Reid B, Richardson C, Banks RW (2005) Autogenic modulation of
mechanoreceptor excitability by glutamate release from synaptic-like vesicles:
evidence from the rat muscle spindle primary sensory ending. J Physiol 562:
381–394.
81. Jin YH, Yamaki F, Takemura M, Koike Y, Furuyama A, et al. (2009)
Capsaicin-induced glutamate release is implicated in nociceptive processing
through activation of ionotropic glutamate receptors and group I metabotropic
glutamate receptor in primary afferent fibers. J Pharmacol Sci 109: 233–241.
82. Kruger L, Silverman JD, Mantyh PW, Sternini C, Brecha NC (1989)
Peripheral patterns of calcitonin-gene-related peptide general somatic sensory
innervation: cutaneous and deep terminations. J Comp Neurol 280: 291–302.
83. McCarthy PW, Lawson SN (1990) Cell type and conduction velocity of rat
primary sensory neurons with calcitonin gene-related peptide-like immunore-
activity. Neuroscience 34: 623–632.
84. Ambalavanar R, Moritani M, Haines A, Hilton T, Dessem D (2003) Chemical
phenotypes of muscle and cutaneous afferent neurons in the rat trigeminal
ganglion. J Comp Neurol 460: 167–179.
85. Barden JA, Bennett MR (2000) Distribution of P2X purinoceptor clusters on
individual rat dorsal root ganglion cells. Neurosci Lett 287: 183–186.
Muscle Spindles and Pain
PLoS ONE | www.plosone.org 20 June 2010 | Volume 5 | Issue 6 | e1113186. Ambalavanar R, Moritani M, Dessem D (2005) Trigeminal P2X3 receptor
expression differs from dorsal root ganglion and is modulated by deep tissue
inflammation. Pain 117: 280–291.
87. Staikopoulos V, Sessle BJ, Furness JB, Jennings EA (2007) Localization of
P2X2 and P2X3 receptors in rat trigeminal ganglion neurons. Neuroscience
144: 208–216.
88. Sohn MK, Graven-Nielsen T, Arendt-Nielsen L, Svensson P (2000) Inhibition
of motor unit firing during experimental muscle pain in humans. Muscle Nerve
23: 1219–1226.
89. Kim YS, Paik SK, Cho YS, Shin HS, Bae JY, et al. (2008) Expression of P2X3
receptor in the trigeminal sensory nuclei of the rat. J Comp Neurol 506:
627–639.
90. Munoz A, Liu XB, Jones EG (1999) Development of metabotropic glutamate
receptors from trigeminal nuclei to barrel cortex in postnatal mouse. J Comp
Neurol 409: 549–566.
91. Turman JE, Jr., Hiyama L, Castillo M, Chandler SH (2001) Expression of
group I and II metabotropic glutamate receptors in trigeminal neurons during
postnatal development. Dev Neurosci 23: 41–54.
92. Dogrul A, Ossipov MH, Lai J, Malan TP, Jr., Porreca F (2000) Peripheral and
spinal antihyperalgesic activity of SIB-1757, a metabotropic glutamate receptor
(mGLUR(5)) antagonist, in experimental neuropathic pain in rats. Neurosci
Lett 292: 115–118.
93. Walker K, Reeve A, Bowes M, Winter J, Wotherspoon G, et al. (2001) mGlu5
receptors and nociceptive function II. mGlu5 receptors functionally expressed
on peripheral sensory neurones mediate inflammatory hyperalgesia. Neuro-
pharmacology 40: 10–19.
94. Bhave G, Karim F, Carlton SM, Gereau RW (2001) Peripheral group I
metabotropic glutamate receptors modulate nociception in mice. Nat Neurosci
4: 417–423.
95. Zhu CZ, Hsieh G, Ei-Kouhen O, Wilson SG, Mikusa JP, et al. (2005) Role of
central and peripheral mGluR5 receptors in post-operative pain in rats. Pain
114: 195–202.
96. Lee HJ, Choi HS, Ju JS, Bae YC, Kim SK, et al. (2006) Peripheral mGluR5
antagonist attenuated craniofacial muscle pain and inflammation but not
mGluR1 antagonist in lightly anesthetized rats. Brain Res Bull 70: 378–385.
97. Ren K (1999) An improved method for assessing mechanical allodynia in the
rat. Physiol Behav 67: 711–716.
98. Guo A, Vulchanova L, Wang J, Li X, Elde R (1999) Immunocytochemical
localization of the vanilloid receptor 1 (VR1): relationship to neuropeptides, the
P2X3 purinoceptor and IB4 binding sites. Eur J Neurosci 11: 946–958.
99. Lee J, Ro JY (2007) Differential regulation of glutamate receptors in trigeminal
ganglia following masseter inflammation. Neurosci Lett 421: 91–95.
100. Dong XD, Mann MK, Kumar U, Svensson P, Arendt-Nielsen L, et al. (2007)
Sex-related differences in NMDA-evoked rat masseter muscle afferent
discharge result from estrogen-mediated modulation of peripheral NMDA
receptor activity. Neuroscience 146: 822–832.
101. Kopin IJ, Silberstein SD (1972) Axons of sympathetic neurons; transport of
enzymes in vivo and properties of axonal sprouts in vitro. Pharmacol Rev 24:
245–254.
102. Levitt M, Spector S, Sjoerdsma A, Udenfriend S (1965) Elucidation of the rate-
limiting step in norepinephrine biosynthesis in the perfused guinea-pig heart.
J Pharmacol Exp Ther 148: 1–8.
Muscle Spindles and Pain
PLoS ONE | www.plosone.org 21 June 2010 | Volume 5 | Issue 6 | e11131